The human recombinase hRad51 is a key protein for the maintenance of genome integrity and for cancer development. Polymerization and depolymerization of hRad51 on duplex DNA were studied here using a new generation of magnetic tweezers, measuring DNA twist in real time with a resolution of 5°. Our results combined with earlier structural information suggest that DNA is somewhat less extended by hRad51 than by RecA (4.5 vs. 5.1 Å per base pair) and untwisted by 18.2°per base pair. They also confirm a stoichiometry of 3-4 bp per protein in the hRad51-dsDNA nucleoprotein filament. At odds with earlier claims, we show that after initial deposition of a multimeric nucleus, nucleoprotein filament growth occurs by addition/release of single proteins, involving DNA twisting steps of 65°؎ 5°. Simple numeric simulations show that this mechanism is an efficient way to minimize nucleoprotein filament defects. Nucleoprotein filament growth from a preformed nucleus was observed at hRad51 concentrations down to 10 nM, whereas nucleation was never observed below 100 nM in the same buffer. This behavior can be associated with the different stoichiometries of nucleation and growth. It may be instrumental in vivo to permit efficient continuation of strand exchange by hRad51 alone while requiring additional proteins such as Rad52 for its initiation, thus keeping the latter under the strict control of regulatory pathways.
H
omologous recombination (HR) is the main pathway for accurate repair of DNA double-strand breaks and maintenance of genome integrity. It is also essential for overcoming stalled replication forks. Rad51 is the key protein of HR and the recombinational DNA repair process in eukaryotes (1) (2) (3) . First, Rad51 polymerizes at or near one end of a DNA break, forming a right-handed helical nucleoprotein filament. This nucleoprotein filament then searches the genome for a homologous DNA sequence. Once the nucleoprotein filament and homologous sequence are synapsed, new DNA synthesis can proceed using the homologous sequence as template. Finally, this structure is resolved to repair the DNA break. Despite intense efforts, some divergences remain about the formation of the nucleoprotein filament. Nucleoprotein filaments assembled onto ssDNA or dsDNA in the presence of ATP as a cofactor display very similar helical structures on electron microscopy (EM), with a rise per base pair of 4.7 Å (4). This structure also looks much like that achieved with RecA, the bacterial homologue of Rad51 (5) . The stoichiometry of both proteins has been shown to depend on experimental conditions (6) . Reported values range from 3 to 7 bp per protein for RecA (5, (7) (8) (9) ) and 2 to 3 and 4 to 5 bp per protein for Rad51 (4, (10) (11) (12) . The kinetics of RecA and Rad51 polymerization were recently the subject of several singlemolecule studies (13) (14) (15) (16) (17) (18) (19) (20) (21) . There is consensus about a nucleation and growth mechanism for both RecA (14) (15) (16) 22) and Rad51 (19) (20) (21) , and about a highly cooperative nucleation step requiring the simultaneous binding of several proteins. The stoichiometry of this nucleus, however, is not well established for Rad51, and values ranging from 2-3 (21) to 4-6 (19, 20) protein monomers were proposed. The existence of a similar cooperativity during the growth phase remains subject to debate: using single-molecule FRET, Joo et al. reached the conclusion that RecA binds to dsDNA by monomers (17) , whereas from magnetic tweezers (MT) experiments and Monte Carlo simulations, van der Heijden et al. concluded that the Rad51 binding unit is a tetramer or a pentamer, as for nucleation (19) .
To shed new light on these open questions, we applied here a new generation of single-molecule nanomanipulation devices, free rotation magnetic tweezers (FRMT), to follow the polymerization of human Rad51 (hRad51) onto DNA. In contrast with conventional MT, which lock torsion of DNA and measure its length, FRMT directly measure the torsional state of DNA during polymerization. Because the binding of one hRad51 is expected to stretch the dsDNA molecule on the order of nanometers and unwind the dsDNA by approximately 30°-75°[estimated from the twist of 18.6 bp per turn and a stoichiometry between 2 and 5 bp per protein, measured in yeast Rad51 filament (10) ], a measurement of the torsional state should be a more accurate reporter of protein binding than elongation.
The twisting of DNA during an enzymatic process was already studied by 2 different methods. In a study by Gore et al. (23) , a rotor bead ''tracer'' was used to analyze the DNA gyrase mechanochemics; this technique required a complex DNA construct, and its angular resolution was limited to several tens of degrees. The FRMT system (Fig. 1A) uses a simpler concept, first proposed to study the activity of polymerase (24) . As in MT, a DNA molecule is attached at one end to a surface and at the other end to a magnetic bead pulled by a magnetic field gradient. Unlike in MT, the direction of the magnetic field is collinear to the extension of DNA to allow free rotation. The attachment of small nanobeads onto the large magnetic bead allows us to track its angular position. As compared with the first version proposed by Harada et al. (24), we optimized the DNA-bead construct and tracking algorithm (see SI Text and Figs. S1-S6), improving angular and time resolution down to 5°and 40 ms, respectively. As in MT, the pulling force was measured from transverse f luctuations of the bead position (25) .
Results

Polymerization Initiation and Extension as a Function of Concentra-
tion. Upon addition of hRad51 at a relatively high concentration (250 nM), in a buffer containing 100 M ATP and 2 mM Mg 2ϩ , to a DNA-bead construct involving a single unnicked dsDNA, stretched typically at 0.5 pN, the magnetic bead started rotating clockwise ( Fig. 1B and Movie S1). This corresponds to the unwinding of the DNA right-handed double-helix by hRad51 polymerization. Under conditions suitable for polymerization, the bead rotated typically for more than 1 h at a relatively constant speed of up to 2 rpm. The initiation of polymerization becomes less frequent upon decreasing hRad51 concentration, and we never observed any bead rotation when the experiment was started at concentrations lower than 100 nM. However, when the polymerization was initiated at 250 nM hRad51, and the microchannel was then f lushed with solutions containing hRad51 at concentrations at which nucleation was never observed (10, 25, 50 , and 75 nM), or was rare (100, 125, and 150 nM), rotation continued clockwise, suggesting that growth of an existing nucleus can proceed at a much lower hRad51 concentration than required for nucleation.
Three typical bead rotation traces, at 100 nM (black), 50 nM (red), and 10 nM (green) hRad51 concentrations are shown in Fig. 2A (Inset) , together with the bead rotation rate at different hRad51 concentrations.
We observe that the average rotational speed increases with the concentration of hRad51 in solution, then saturates when the concentration exceeds 200-300 nM. This contrasts with our previous report (20) in which the magnetic bead was blocked in torsion by the MT and the DNA molecule untwisted manually. We attribute this behavior to the viscous drag of the bead, which opposes the formation of the nucleoprotein filament and becomes the limiting factor at high hRad51 concentrations. It considerably slows down polymerization and prevents us from reaching full coverage of the DNA molecule. In practice, most of the experiments only showed a partial coverage of the DNA, because reaching the full coverage in FRMT, even at high hRad51 concentration, would take typically approximately 24 h, with a high risk of losing the molecule during this period.
Also note that although the average speed increases with hRad51 concentration, the instantaneous speed undergoes strong fluctuations. We attribute this to the presence of a residual horizontal magnetic field, which creates a periodic potential for the bead's rotation. This potential may induce temporary arrests of the rotation, especially at low hRad51 concentrations, thus creating strong fluctuations of the polymerization velocity on a short time scale.
Eventually, we did not see any rotation when the ATP was replaced by adenylyl-imidodiphosphate (AMP-PNP) or ATP␥S. We previously observed (20) that nonhydrolyzable ATP analogs considerably slowed down the polymerization in conventional MT, suggesting that the association energy is weaker with these cofactors, or the association energy barrier higher. It is thus possible that polymerization of hRad51 in the presence of a nonhydrolyzable ATP analog is too small to overcome the torque induced by the residual horizontal magnetic field of the FRMT [Warning: the rotation seems faster at 10 nM, but averaging polymerization speed on such a short period is meaningless owing to the strong polymerization speed fluctuations apparent in A (see text).] (see above). We also attempted polymerization in the presence of Ca 2ϩ but could not observe polymerization over more than 10 attempts. In MT, we had seen that polymerization of hRad51 occurred at a similar rate on negatively twisted duplex DNA. However, the conditions of the present experiments are different, notably because of the existence of a torque opposing polymerization. Generally speaking, FRMT experiments have a low success yield; therefore, we cannot ascertain at this point whether we did not observe polymerization because we did not find the right conditions or because of a physical reason yet to be understood.
Twisting Steps at Low Concentrations.
To focus on the mechanism of nucleoprotein filament growth, we ''zoomed in'' the polymerization profiles, corresponding to experiments in which the polymerization was initiated at 250 nM hRad51 and kept at lower concentrations. Below 100 nM hRad51, the rotation of the bead produced a stepping pattern ( Fig. 2B and Movie S1), reminiscent of the behavior of molecular motors (26) . We analyzed these steps by a ''semiautomated'' method using a manual setting of the time boundaries of plateaus and obtained a monomodal step-size distribution, with a mean step size of approximately 65°i rrespective of hRad51 concentration. In Fig. 3A we present a histogram gathering all steps observed (this corresponds to 202 steps within a total rotation of 26,200°, from 5 different molecules and hRad51 concentrations from 10 to 50 nM). The histogram was well fitted by a normal distribution (r 2 ϭ 0.97) with a mean step size of 65°Ϯ 15°(standard deviation). Eight steps (4% of total) are too large to fit the normal distribution.
We cross-checked these results with an independent method less prone to operator bias, performing a pairwise rotation correlation followed by Fourier transform. An example of a Fourier power spectrum obtained from rotation data acquired at 10 nM hRad51 is given in Fig. 3B . Although noise increases for small angular frequencies, 2 peaks clearly show up above this noise, at 2/360 and 2 /66 (corresponding to favored rotation angles of 360°and 66°, respectively). The correlation at 360°c orresponds to a full rotation. An independent analysis performed on naked DNA (see SI) shows that this correlation stems from a macroscopic horizontal component of the magnetic field and does not have a molecular origin. The other peak, however, appeared in the same angular range of 60°-70°for all experiments performed between 10 and 50 nM hRad51 after nucleoprotein filament initiation, and was absent from Fourier spectra of data obtained at hRad51 concentrations above 100 nM. We thus associate this peak with the steps visually observed in Fig.  2B and with hRad51 polymerization.
Finally, we applied to our data a modified version of the fluctuation analysis recently used to analyze kinesin stepping (27) (see SI Text, ''Fluctuation Analysis''). For an undamped Poisson stepping process, fluctuations about the average speed reflect the underlying process stochasticity (i.e., the number of independent steps and their size). For simple and independent steps, which involve only 1 rate-limiting process per step and no cooperativity between steps, the angular step size ␣ should be:
where (t) is angular position, and angle brackets represent average over all positions. Physically, ␣ represents the size perfectly stochastic steps should have to reach the same level of fluctuations as observed experimentally. In the following we call it effective stochastic step (ESS) to reflect this property. This fluctuation analysis was performed on all our data from 0 nM (depolymerization experiments; Fig. 4 , red) to 150 nM (Fig. 4 , blue): at low hRad51 concentrations (Յ75 nM), we obtained a stable ESS around 64°Ϯ 13°. The high consistency between the step sizes obtained using 3 different data analysis approaches provides strong evidence in favor of a polymerization by steps around 65°at hRad51 concentrations up to 75 nM. At higher hRad51 concentrations, the ESS in Fig. 4 decreased to approximately 20°at 150 nM. Notably, this also corresponds to situations in which one can no more identify steps in the motion, either by Fourier analysis or by step finding. We interpret this as follows: when hRad51 concentration increases, the mean interval between 2 hRad51 binding events decreases below the response time of the bead. This smoothes rotation and decreases the randomness associated with steps (for a purely viscous motion, the ESS would be 0). Note that a decrease in ESS could not be accounted for protein binding as multimers, which would increase the ESS.
The distribution of waiting time between steps, and its evolution with hRad51 concentration, would support a growth by Step size during the polymerization. (A) Histogram of a total of 202 steps from 5 different DNA-bead constructs rotating at hRad51 concentrations ranging from 10 to 50 nM. The histogram of step sizes was fitted to a normal distribution, yielding a mean of 65°and a standard deviation of 15°. (B) Fourier power spectrum of the pairwise distribution calculated from a rotating trace at 10 nM. Two peaks depart from noise. They correspond to angles 66°and 360°, respectively. This suggests the existence of steps of 66°a nd 360°. The latter is assigned to an experimental bias created by a residual horizontal magnetic field. 
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addition of single monomers. Unfortunately, in our setup the residual horizontal magnetic field seriously biases waiting times depending on the ''uphill'' or ''downhill'' side of the step regarding this external field. This bias is much stronger on the step dwell time than on the step size (for which it tends to widen slightly the distribution, without affecting the average value).
Depolymerization in hRad51-Free Conditions. After thorough rinsing with hRad51-and nucleotide-free buffer, DNA-beads rotated counterclockwise (Fig. 5) . The same buffer, supplemented with 1 mM of ADP, completely inhibits this counterclockwise rotation of the bead. These observations indicate that the ADP release induces a rewinding of the DNA molecule toward its initial torsional state. We associate this behavior to a depolymerization of hRad51 from the DNA after ATP hydrolysis (see SI Text). The average rotation speed, approximately 0.2 rpm, is much smaller than for polymerization and corresponds to a rate of 0.018 hRad51 bp Ϫ1 s Ϫ1 . We applied the same step analysis as for polymerization and detected 75 analyzable steps from 3 different DNA-beads, for a total angular rotation of 8,550°. A histogram of these steps was fitted to a normal distribution (r 2 ϭ 0.95), yielding a mean step size of 67°and a standard deviation of 23° (Fig. 5, Inset) . Eight steps (11%) were too large to fit the normal distribution. Applying fluctuation analysis to depolymerization data yielded an ESS of Ϫ150°Ϯ 15° (Fig. 4) .
Discussion
Polymerization Threshold. We observed that the polymerization of hRad51 on dsDNA requires a minimal concentration of approximately 100 nM to initiate. This is consistent with previous results independently obtained both with conventional MT (20) and in single-molecule videomicroscopy (21) confirming the existence of a threshold concentration for hRad51 polymerization initiation. The threshold in ref. 21 seems rather to be approximately 50 nM, twice as low as that observed here, but this discrepancy may be attributed to minor differences in experimental conditions: in ref. 21, 2 mM calcium was used in the buffer, whereas we used 2 mM magnesium, which seems a somewhat less efficient co-ion for hRad51 binding. In additions, the flow used in ref. 21 to keep molecules extended involves a stretching, which is nonuniform but can be high enough, especially at some places, to significantly increase hRad51 binding rate. Besides this minor discrepancy, data in refs. 20 and 21 both suggest that filament nucleation rate depends on hRad51 concentration as a power law with an exponent significantly larger than 1. Conversely, the growth of a preexisting filament is linear in concentration. Our results, showing that nucleation becomes rare at low concentrations, whereas growth of a prenucleated filament can proceed, are qualitatively consistent with these observations. Polymerization Kinetics. At high hRad51 concentrations, we observed a constant rotation speed, suggesting a polymerization dominated by sequential addition of proteins to one end of a preexisting nucleoprotein filament. It was previously proposed that RecA polymerization on DNA involves a slow nucleation followed by a faster directional growth (14, 22) . More recent MT investigations of hRad51 polymerization on dsDNA also reported, at 100 nM hRad51 in the same buffer as used here, a length increase linear in time (20) . That work also proved that the hRad51 polymerization happens with a discrete and small number of simultaneously growing fronts. Finally, recent videomicroscopy experiments very directly confirmed that polymerization of hRad51 on dsDNA occurs by a mechanism involving a slow nucleation followed by a polymerization from the preformed nuclei (21) . This latter article also reported, in low hRad51 concentration situations involving only a few growing fronts, intermittent growth with rather extensive polymerization pauses. Such pauses could also explain the large fluctuations in the polymerization speed, observed here at low hRad51 concentration.
Thus, our experiments are qualitatively consistent with those performed in MT or with videomicroscopy. The major advantage of the FRMT is their angular resolution, allowing us to observe molecular events that yield variations of the molecule length too small to be detected in MT.
Rotation Stepping. We observed individual twisting steps of 65°Ϯ 5°for polymerization of hRad51 at low concentrations (from 10 to 75 nM) and for depolymerization in the absence of hRad51 and ATP in the buffer. Earlier works based on EM experiments showed that RecA and Rad51 unwind the DNA double helix by approximately 15°per bp (5, 10). The DNA/Rad51 stoichiometries were rather variable from one report to the other, ranging from 2 to 5 bp per protein. This corresponds to an expected unwinding between 30°and 75°per protein. Our results are thus consistent with a nucleoprotein filament growth occurring by addition of individual hRad51 monomers, as previously reported for RecA (17) and incompatible with the coordinated addition of 4.3 Ϯ 0.5 monomers, as recently proposed in a study of hRad51 polymerization on dsDNA measured by MT (19) . The latter would involve steps between 142°and 324°. We do not have a certain explanation for this discrepancy. We note, however, that this conclusion was reached (19) through a rather indirect analysis, involving a comparison of experimental data with simulation results through a 2-step fitting procedure: first, Monte-Carlo simulations of several nucleation and growth models, involving either monomers or pentamers for each of these mechanisms, were fitted to the data at a given hRad51 concentration, and the nucleation and growth constants, k nucl and k growth , respectively, were determined from this fit. In a second step, nucleation and growth constants obtained at different hRad51 concentrations were fitted to the Hill model (28) to get the number of proteins involved in each of these steps. We doubt that such a procedure, applied to real data, is accurate enough to yield an independent measure of k nucl and k growth in the relevant concentration range. At concentrations higher than 150 nM hRad51, nucleation and growth are concomitant. Thus, differences in the ratio k nucl /k growth should affect only the very beginning of the curve. In MT experiments, however, this part of the kinetics is not known very accurately, because at high hRad51 concentrations polymerization starts during the buffer exchange period (this point is clearly visible upon detailed observation of the curves). This buffer exchange requires a flow that makes accurate length measurement impossible, and it typically lasts several tens of seconds because of buffer front dispersion by the flow's Poiseuille profile (29) .
As another potential explanation for this discrepancy, the simulations in ref. 19 assume that once a nucleus is formed, it grows indefinitely. However, ref. 21 clearly demonstrated that filaments continuously grow on a finite length only, generally not exceeding 5 kbp. Thus, the Monte Carlo model should have included a filament termination step resulting in filament segments smaller than 5 kbp. This limitation of the model may have induced a bias in the fit, incorrectly yielding an apparent growth by addition of pentamers. Finally, in ref. 20 we observed a very dramatic change in the shape of the polymerization curves with hRad51 concentration, which would not be consistent with a mechanism in which nucleation and growth have the same concentration dependence.
Biological Relevance of a Polymerization by Monomers. The formation of the nucleoprotein filament involves 2 phases: the nucleation of a seed (20, 21) and, as shown above, an elongation by addition of single hRad51 monomers. This mechanism has 2 consequences for the dynamics of the nucleoprotein filament. First, high hRad51 concentrations favor nucleation, whereas elongation requires much lower concentrations. In particular, we have shown that, once a nucleus is formed, polymerization can continue at hRad51 concentrations as low as 10 nM, typically 10 times smaller than those necessary for spontaneous polymerization initiation. In vivo, the initiation of HR is strongly regulated and involves other proteins associated to the Brca2 and Rad52 pathway (30, 31) . These 2 proteins, in particular, seem necessary for HR initiation in mammalian cells (32, 33) . The possibility, demonstrated here, of continuing polymerization at hRad51 concentrations much too low to support nucleation, could thus allow a continuation of polymerization (which is necessary for strand exchange on long distances) by hRad51 alone, while keeping the nucleation of nucleoprotein filaments under the strict control of the DNA damage signaling pathway.
Second, growth by monomers produces filaments with defects less numerous and of smaller size than a hypothetical elongation by addition of pentamers (see SI Text, ''Nucleation and Growth Monte Carlo Simulations'') (34, 35) . For both monomer-and pentamer-based growth, the number of defects is minimal when the (uncatalyzed) nucleoprotein assembly is dominated by elongation, a situation that should prevail in vivo (see above discussion). We notice, however, that the final number of uncovered base pairs is lower when the elongation happens by addition of single monomers, over a large range of growth/nucleation rates. This should thus yield a more efficient nucleoprotein filament.
Structural Parameters of the Nucleoprotein Filament Revisited. The change in DNA twist associated with hRad51 binding was directly measured here. It can be combined with earlier EM and structural data (4, 10, 36, 37) to sharpen our view of the nucleoprotein filament structure, and in particular to confirm the state of DNA, which is not directly seen on EM. Regarding protein organization, the results obtained by EM are very consistent in different reports, with a filament pitch of 98 Ϯ 2 Å and 6.18 Ϯ 0.04 proteins per turn. These values probably represent sections of the nucleoprotein filament organized into a defect-free ''canonical'' structure. From our results, the DNA fragment contained in a full turn of the nucleoprotein filament is unwound by 6.18 ϫ 65°ϭ 402°as compared with B-DNA. Assuming that the DNA and the protein helix have the same twist in the nucleoprotein filament (i.e., by definition 360°per turn), we obtain the total twist that the DNA fragment comprised in 1 turn of the nucleoprotein filament had before its incorporation: 402°ϩ 360°ϭ 762°. Using as an input the helicity of B-DNA, 10.4 bp per turn, we thus deduce that this fragment of DNA contained in 1 nucleoprotein filament turn consists of 10.4 ϫ 762/360 ϭ 22 Ϯ 1.3 bp. Consequently, within the nucleoprotein filament, the DNA raises 4.45 Ϯ 0.25 Å per base pair and is unwound by 18.2°Ϯ 1°per base pair. This yields a stoichiometry of 3.6 Ϯ 0.3 bp per hRad51. These values are within the (rather scattered) range of previously published data, but they confirm or suggest significant differences with RecA [for which the corresponding parameters are 5.1 Å (rise per base pair), 15°(twist per base pair), and 3 bp per RecA (stoichiometry), respectively (5, 7)]. Considering the error involved in these calculations, the stoichiometry measured here is consistent with integer values of 3 and 4 bp per hRad51. As an alternative interpretation, we note that recent crystallographic data on a Rad51 mutant, I345T (36) , suggest that the nucleoprotein filament does not have a strict helical 6-fold symmetry but is rather a helix of Rad51 dimers. Indeed, our results would better fit an actual stoichiometry of 7 bp per hRad51 dimer than integer stoichiometries of 3 or 4 bp per monomer.
Depolymerization. Regarding depolymerization, the ESS we measured was much higher in absolute value than that obtained for polymerization, suggesting either a depolymerization by multimers or correlations between depolymerization steps. This is indeed in qualitative agreement with recent conclusions of single-molecule videomicroscopy studies (38), which showed that hRad51 indeed depolymerizes from dsDNA by multimeric ''bursts.'' These investigators proposed the following interpretation: ATP hydrolysis occurs at random inside a nucleoprotein filament, but it does not induce depolymerization as long as the site at which this hydrolysis occurs is flanked by 2 hRad51 molecules. When hydrolysis occurs on a terminal hRad51, however, the stability of the protein is insufficient and it disassembles. All ADP-bound proteins, directly following this released ''cap,'' can then depolymerize readily until reaching the next ATP-bound protein. For the early depolymerization steps observed in our experiments, disassembly pauses would correspond to the removal of 2 to 3 hRad51 monomers on average and yield an ESS of 2 to 3 times 65°.
Conclusions
In summary, the new type of FRMT experiments developed and used in this study provided original structural and kinetic data for hRad51/DNA nucleoprotein filaments. Combined with EM data, our results suggest that hRad51 unwinds the DNA by 18.2°per base pair and that the hRad51 nucleoprotein filament is less extended (4.5 Å per base pare) as compared with RecA (15°per base pair and 5.1 Å per base pair). We demonstrated that, after nucleation, hRad51-dsDNA nucleoprotein filaments grow by addition of single hRad51 monomers, corresponding to individual rotation steps of 65°Ϯ 5°. Using Monte Carlo simulations, we quantitatively confirmed that this is an efficient way to minimize the number of defects in the nucleoprotein filament. We also observed that polymerization onto the end of a preexisting nucleus can proceed extensively at hRad51 concentrations far too low to allow spontaneous nucleation. On molecular grounds, this result is a consequence of the difference between nucleation and growth rates. Physiologically, it may be instrumental in vivo to allow efficient recombination on long DNA sequences, while keeping the nucleation of polymerization, and thus the initiation of strand exchange, under the strict control of other facilitating proteins belonging to the Brca2 regulation pathway.
Materials and Methods
Microchannel Preparation. A polydimethylsiloxane microchannel 2 cm long, 2 mm wide, and approximately 100 m high was prepared according to our 
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previous reports (15, 20) and placed onto a glass coverslip of 24 mm ϫ 40 mm (Erie Scientific) treated with antidigoxigenin (Roche) for subsequent binding of digoxigenin-labeled DNA molecules. Before first use of the channel, 10 mg/mL of BSA was injected into the channel and incubated overnight at 4°C to minimize subsequent protein adsorption.
DNA Constructs. The DNA molecule held in the MT was a 14,400-bp PCR fragment generated from a DNA template (15, 20) . This molecule was ligated at one end to a multidigoxigenin-labeled DNA fragment of 600 bp and at the other end to a multibiotin-labeled fragment of approximately 820 bp.
Human Rad51 Proteins. Human Rad51 proteins were purified as described previously (20) . The protein concentration was determined using the Bio-Rad protein assay kit using BSA as the standard protein. The DNA strand exchange and DNA-dependent ATPase activities were verified.
Protocol of DNA/hRad51 Twisting Experiment. The biotinylated dsDNA molecules were bound to streptavidin-coated 2.8-m magnetic beads (Dynal Biotech) in binding buffer [10 mM Tris-HCl (pH 7.5), 1 mM EDTA, and 50 mM NaCl]. The dsDNA/magnetic bead complexes were incubated in the microchannel at room temperature for 10 min. After incubation, most of the unbound beads were washed out from the channel with TE-BSA buffer [10 mM Tris-HCl, 1 mM EDTA (pH 7.5), and 0.2 mg/mL BSA]. Next, biotinpolystyrene nanobeads (GKX01; G. Kisker GbR, 810 nm in diameter), suspended in binding buffer, were introduced into the channel and incubated until a few nanobeads on average were attached to each magnetic bead. After washing out excess nanobeads with TE-BSA buffer, the permanent magnet with a conical tip at its extremity was lowered toward the top of the microchannel, to exert a vertical force on the magnetic beads. The force was calibrated using lateral fluctuations of beads (25) . Finally, hRad51 in solution in Rec2 buffer [2 mM MgCl2, 15 mM Tris-HCl (pH 7.5), 25 mM NaCl, 1 mM DTT, and 0.05% Tween 20], supplemented with 100 M ATP, was flown into the microchannel under gravity (20-cm height difference between the feed reservoir and the exit reservoir) until full buffer exchange (10 min). Then the flow was stopped and the cell scanned for rotating beads. Beads can be directly attached to the surface, attached by several DNA molecules, or by a nicked DNA, so this scan can take typically from 10 to 60 min. The duplex DNA can be covered up to 15% during this ''blind'' period.
Data Analysis by ''Manual''
Step Finding in the Real Space. First, for the ''manual'' approach, putative steps in the rotation trace are selected visually, the time boundaries before and after plateaus are defined by the operator, and the mean angular position is calculated for both plateaus. The difference between these values gives the step size.
Error Analysis. The standard deviation ␦ for the experimental step-size distributions, ranging from 10°to 23°, is a reflection of Brownian noise and not a measure of the experimental error. Assuming that this Brownian noise is the only source of deviation from the step size, the error should be ␦/ ͌ N Ϸ 1°. This is certainly too optimistic, because experimental causes of error also exist. Comparing data obtained on independent molecules, obtained on independent days, and with different analysis methods (see below), we estimate the real error to 5°.
Data Analysis by Correlation. The following correlation analysis was applied to several series of data. For each pair of points, (ti) and (tj), we calculate the distance d ij ϭ Ͻ (ti) -(tj) Ͼ, with i j. The pairwise correlation of positions is defined as the distribution P(d ij) of dij. This correlation is then Fouriertransformed using the MATLAB fast Fourier transform algorithm, yielding power spectra such as that presented in Fig. 3B . For data obtained at concentrations lower than 100 nM, 2 main peaks appear. We attribute the first one, around 2/360°, to a residual macroscopic horizontal component of the magnetic field, imposing a preferred orientation for the beads. Because the magnetic coupling energy, usually around 4 K bT (for potential energy confining the magnetic beads angular fluctuations; see SI ), is significantly smaller than those involved in hRad51 polymerization, this coupling did not significantly affect our results.
